The human T-cell leukemia virus type 1 Tax protein activates the expression of cellular immediate early genes controlled by the serum response element (SRE), which contains both the serum response factor (SRF) binding element (CArG box) and the ternary complex factor (TCF) binding element (Ets box). We show that TCF binding is necessary for Tax activation of the SRE and that Tax directly interacts with TCFs in vitro. In addition, Tax interactions with CREB binding protein (CBP) and p300-and CBP-associated factor were found to be essential for Tax activation of SRF-mediated transcription.
Human T-cell leukemia virus type 1 (HTLV-1) encodes a 40-kDa trans-regulatory protein, Tax, that was shown to activate c-fos transcription by interacting directly with the serum response factor (SRF) (5-7), which binds the central CC(A/ T) 6 GG (CArG) sequence of the serum response element (SRE). Once SRF occupies the CArG element, the ternary complex factor (TCF) establishes protein interaction with SRF and binds DNA at the upstream GGA(A/T) site. Sap-1 or Sap-1a, Sap-2 or Sap-1b, and Elk-1, which are members of the Ets binding protein family, have been identified as TCFs (3, 4, 11, 12, 16, 18) . It is known that signal-induced activation of c-fos expression requires SRF, TCF, and the CREB binding protein (CBP) (13, 14, 19) . We have asked whether other cellular factors, in addition to SRF, are necessary for Taxmediated activation of the SRE.
As an initial test of the role of TCFs in Tax-mediated induction of SRF-directed transcriptional activity, we compared the abilities of Tax proteins to activate reporter gene expression controlled by promoters containing either a full-length enhancer with a CArG box and a 5Ј-end-proximal TCF binding site (pSRE-Luc) or an enhancer with only the CArG box (pCArG-Luc) (Fig. 1A) . Jurkat cells were transfected with each reporter plasmid in combination with a Tax expression plasmid (pRS-HTax1C) or an empty vector (pBS-KS-RSPA). Tax activated luciferase expression from pSRE-Luc by almost 70-fold (Fig. 1B) . In contrast, pCArG-Luc, which lacks a TCF binding site, was not activated by Tax (Fig. 1B) . For comparison, cotransfections were also performed with pHTLV-Luc, which contains the HTLV-1 promoter, or pNF-B-Luc, which contains NF-B binding sites. Tax activated luciferase expression directed by pHTLV-Luc and NF-B-Luc by approximately 25-fold and 70-fold, respectively (Fig. 1B) . Thus, the TCF binding site is essential for Tax activation of the SRE.
A similar pattern of Tax transactivation of reporter plasmids was observed in transfections of human 293 cells with the difference that pSRE-Luc was activated only fivefold by Tax ( Fig. 2A) . Ectopic expression of Elk-1 increased Tax activation of pSRE-Luc approximately 16-fold; however, Elk-1 expression alone had no effect on pCArG-Luc activity ( Fig. 2A) . Elk-1 protein was detected in 293 cells which had been transfected with an Elk-1 expression plasmid but not in untransfected cells (Fig. 2B) . We performed the same transactivation assay with expression of Sap-1 instead of Elk-1, and Sap-1 increased Tax activation of pSRE-Luc but not of pCArG (data not shown). Therefore, Tax activation of the SRE in 293 cells may be augmented by ectopic expression of a TCF in this cell line.
We next asked whether Tax directly interacts with either Sap-1a or Elk-1 proteins in vitro. Glutathione S-transferase (GST)-Sap-1, GST-Elk-1, and GST were immobilized on glutathione-Sepharose beads and incubated with in vitro-translated 35 S-labeled Tax using the GST pull-down protocol previously described (21) . The 35 S-labeled Tax was retained on GST-Elk-1 and GST-Sap-1 beads but did not bind GST control beads (compare . A 50-kDa SRF polypeptide, which was synthesized in vitro from an alternative AUG start site located at nucleotide 312 of the cDNA (17) also bound the immobilized TCFs (Fig. 3A , lanes 2 and 5, lower band). In a reciprocal experiment, 35 Slabeled SRF, Elk-1, and Sap-1 were incubated with GST-Tax, and all three proteins were retained on the GST-Tax matrix (Fig. 3A, lanes 8 to 10) . The 35 S-labeled input proteins for all GST pull-down assays are shown in Fig. 3C . Our results show that Tax and TCFs directly interact in vitro and suggest that Tax activation of the SRE in vivo may depend on Tax-TCF and Tax-SRF interactions.
Mutant Tax proteins with specific transactivation phenotypes provide important tools for determining Tax function, particularly in the characterization of protein-protein interaction domains. To identify other components necessary for Tax activation of the SRE, we cotransfected Jurkat cells with a series of mutant Tax proteins and pSRE-Luc. Tax-M47, which contains two amino acid changes (L319R and L320S), cannot activate viral gene expression from the HTLV-1 long terminal repeat (LTR) due to the inability of Tax-M47 to interact with the p300-and CBP-associated factor (PCAF) (15, 22) . No activation of pSRE-Luc was seen with Tax-M47 (Fig. 4A) . Tax with the G148V mutation (Tax-G148V), which is analogous to Tax-M22 (T130S and L131A), can activate the CREB and SRF transcriptional pathways but cannot activate NF-B due to a defect in associating with IKK␥ (2, 8, 9, 22, 23) . Tax-G148V retained almost 50% of wild-type Tax activity on pSRE-Luc (Fig. 4A) . Both Tax-H3S and Tax-K88A are incapable of activating the HTLV-1 promoter, but they differ in their functional defects: Tax-H3S is unable to interact with the bZIP domain of CREB (1), whereas Tax-K88A is unable to bind CBP (10). Tax-H3S activated the SRE enhancer by almost 70% in Jurkat cells compared to the level of enhancement by wild-type Tax, whereas Tax-K88A was unable to activate pSRE-Luc (5% of the wild-type level of Tax) (Fig. 4A) . To make certain that the defect in SRE activation was not due to a defect in TCF binding, we performed a GST pull-down assay with Tax-M47 and Tax-K88A. Compared to wild-type Tax (Fig.  4B, lane 2) , Tax-M47 (Fig. 4B, lane 3) and Tax-K88A (Fig. 4B,  lane 4) were not impaired in their ability to bind Elk-1. However, the inability of Tax-M47 and Tax-K88A to interact with PCAF and CBP, respectively, was detrimental to Tax transactivation of pSRE-Luc. None of the proteins bound the GSTonly matrix (Fig. 4B, lanes 6 to 8) , and the input proteins (Fig.  4C, lanes 1 to 3) are shown for comparison of the amounts of protein retained on GST-Elk-1 beads. The data show that both the CBP and PCAF binding domains of Tax are required for Tax activation of transcription from the SRE enhancer and that these Tax motifs are not important for Elk-1 binding in vitro.
We have presented the results of functional experiments showing that Tax activation of SRF-dependent transcription is dependent on TCF binding to the SRE. Furthermore, transient transfections with mutant Tax proteins revealed that CBP and PCAF are essential for Tax activation of SRF-and TCF-dependent transcription. We also demonstrated that Tax interacts directly with TCFs in vitro, which suggests that Tax activation of the SRE requires contacts with TCFs as well as SRF. We are currently analyzing the composition and assembly of complexes formed on the SRE in the presence of Tax using nuclear extracts and recombinant proteins.
The relative importance of various cellular transcription factor pathways to HTLV-1-mediated T-cell transformation has been examined using the mutant proteins Tax-M47 and -M22 (20, 22) . The former is defective for activation of the CREB and SRF pathways, while the latter is unable to activate NF-B. In the past, the effects of these mutations have been in- terpreted in the context of a CREB-versus-NF-B dichotomy. However, neither mutation can discriminate between the CREB and SRF pathways and no mutant Tax proteins that specifically target SRF or TCF interactions have been identified. At present only Tax-H3S, which is specifically defective for CREB interactions, is informative in this regard and is now being tested in T-cell transformation assays.
